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Abstract 
High-intensity focused ultrasound (HIFU) is widely used in cancer therapies, and it is hoped that its noninvasiveness will allow it to 
be applied to other clinical domains. Because HIFU is percutaneously delivered in the treatment of the liver, breast and uterus, there 
is a problem with the ultrasound beam being deflected or attenuated during its travel. In contrast, the intracorporeal use of an HIFU 
device provides an obstacle-free path, but the focal length is limited because of size constraints. In this paper, we propose the use of 
an intracorporeal device equipped with an acoustic mirror or lens to allow the ultrasound energy delivered through the abdominal 
wall to be reflected or focused in the body. The insertion of such a device into the body requires a small incision, but the proposed 
concept can help to safely control the HIFU focal point in the treatment of deep-seated organs. Moreover, safety is ensured because 
the device is electrically isolated. We have developed an experimental setup where the intracorporeal device is robotically 
positioned in front of an HIFU transducer. In preliminary experiments, the focused ultrasound energy was reflected using a metal 
plate, and the planar ultrasound waves were focused using an acrylic biconcave lens, with Schlieren imaging used for visualisation, 
and the results demonstrated the proof of concept. 
 
© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Mamoru Mitsuishi 
and Professor Paulo Bartolo 
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1. High-intensity focused ultrasound (HIFU) therapy 
High-intensity focused ultrasound (HIFU) therapy has 
been used primarily for prostate cancer, liver cancer, 
breast cancer, and uterine fibroids, and it is hoped that its 
noninvasiveness will allow it to be utilised for other 
applications [3]. HIFU therapy employs a piezoelectric 
transducer or an array of transducers, wherein the HIFU 
device is either placed on the body surface or 
implemented in a probe that is inserted into a body 
cavity. A concave self-focusing piezoelectric transducer 
or array of transducers (for example, see [1]) is used to 
focus energy in an area a few millimetres in diameter 
and approximately 10 mm in length. The focal point is 
mechanically or electrically moved to scan the entire 
volume of the target region. The tissues at the focal point 
experience coagulation necrosis upon heating or are 
damaged by induced cavitation.  
The problem with the extracorporeal HIFU approach 
is that the ultrasound beam can be blocked by bones or 
attenuated by adipose tissues in the HIFU irradiation 
path. When the target organ is deep-seated, a transducer 
with a long focal length is used, which correspondingly 
enlarges the focal size in the depth direction. This may 
result in damage to surrounding healthy tissues. In 
contrast, an intracorporeal approach (i.e. a transrectal or 
interstitial approach) employs a probe-shaped device and 
provides a short, obstacle-free path from the HIFU 
device to the target. For example, transrectal treatment is 
applied for prostate cancer, and interstitial devices are 
used for treating oesophageal tumours. Because an HIFU 
device needs to be inserted through a small incision or 
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into a natural body orifice, the transducer should be 
small, which limits its focal length. 
In this paper, we propose the use of both an 
extracorporeal HIFU device and an intracorporeal 
assisting device. The intracorporeal assistance device is 
equipped with either an acoustic mirror or acoustic lens, 
which allows the HIFU beam irradiated thorough the 
abdominal wall to be reflected or focused in the 
abdominal body cavity. The proposed concept is shown 
in Fig. 1. Figure 1(a) shows the energy being reflected 
by an acoustic mirror, which makes it possible to focus 
on a target that is inaccessible using a straight beam path. 
For example, a diseased region located just under the rib 
bones can be targeted using this method. When the 
mirror is moved, the focus also moves, thus allowing the 
treatment of a relatively large volume without moving 
the extracorporeal transducer itself. This would simplify 
the design of the extracorporeal HIFU system, and no 
patient-specific transducer would be required. Figure 
1(b) shows the HIFU beam being focused by an acoustic 
lens placed directly on the target organ. Although an 
acoustic lens can already be mounted directly on a 
piezoelectric transducer for HIFU therapy, in the 
proposed method, the acoustic lens is placed a certain 
distance from the transducer, as is often studied in 
underwater sonar imaging applications [2]. Because the 
acoustic lens is electrically isolated in the proposed 
method, the risk of electric shock by the HIFU device is 
prevented. In addition, a deep-seated target can be 
treated with a sharp focus. The focal size in the depth 
direction is proportional to the ratio of the focal length f 
to the transducer aperture diameter D. The proposed 
device allows a decrease in the focal length f.  
Thus, a sharp focus can be created in a deep-seated 
organ, which prevents damage to surrounding healthy 
tissues. In addition, the tissues in the beam  path are 
less exposed to focused energy compared to the 
conventional HIFU treatment because the energy is only 
focused after passing through the acoustic lens. This also 
makes it possible to avoid any unwanted increase in the 
temperature of the tissues along the beam  path.  
This paper summarizes the features of the proposed 
HIFU focus control method and describes experiments 
designed to show the proof of concept. 
Fig. 1. Concept of HIFU treatment using intracorporeal devices: (a) 
with acoustic mirror and (b) with acoustic lens. 
2. Intracorporeal assisting device using acoustic 
mirror 
The method of using an acoustic lens is simple: 
control of the HIFU focal point is achieved by 
robotically controlling the intracorporeal device instead 
of requiring complicated controls for the external system. 
The robotic control aims at the precise and controlled 
scanning of the HIFU focus.  
 As a first step, a robotic mechanism with one degree 
of freedom was designed and mounted on the water tank 
of a Schlieren imaging apparatus, as shown in Fig. 2(a). 
A piezoelectric transducer with a concave shape and 
resonant frequency of 3.5 MHz (Fig. 2(b)), along with an 
aluminium plate (Fig. 2(c)), was used to demonstrate the 
reflection and movement of the HIFU focus under real-
time Schlieren imaging, as shown in Fig. 3. A good 
repositioning of the focal region was successfully 
demonstrated, even when the relative angle of the plate 
against the transduce  was increased to 60° 
(Fig. 3(c)). Although a more elaborate design for the 
mechanism and an increase in the degrees of freedom for 
the robot are necessary for further investigation, this 
demonstration showed the proof of concept. The 
aluminium plate needed to be relatively large to be fixed 
to the robotic arm, and Fig. 3 suggests potential 
collisions between the device and surrounding organs. 
Thus, the optimization of the plate size is important to 
avoid such potential collisions and extend the reach of 
the focus. 
 
 
Fig. 2. Experimental setup: (a) Schlieren imaging apparatus with 1-
DOF robotic mechanism, (b) concaved piezoelectric transducer, and 
(c) aluminium plate.  
Fig. 3. Schlieren imaging of HIFU focus with (a) no obstacle, (b) 
acoustic mirror with inclination angle of 45° and (c) acoustic mirror 
with inclination angle of 60°. 
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3. Intracorporeal assisting device with acoustic lens 
An experiment was designed to demonstrate the 
ability to change the position of the HIFU focus by 
changing the lens design parameters. In this experiment, 
acrylic lenses with different focal lengths were 
fabricated using rapid 3D prototyping. In the experiment, 
each lens was placed in front of a planer piezoelectric 
transducer whose resonant frequency was 3.7 MHz. A 
needle hydrophone was used to measure the acoustic 
pressure before and after the focusing by the lens. 
Figure 4 shows the lens design, fabricated lens, and 
planer transducer. Biconcave lenses (30 mm in diameter) 
were designed by changing their radius of curvature R. 
The focal length f of a thin biconcave lens can be 
approximated as 
where n is the relative refractive index. We fabricated 
lenses with focal lengths of 30 mm, 60 mm, and 90 mm. 
Fig. 4. Acoustic lens: (a) lens design, (b) 3D-printed biconcave acrylic 
lens and, (c) planer piezoelectric transducer. 
Figure 5 shows Schlieren images of the created HIFU 
foci. The foci were successfully created at the designated 
locations. As designed, the focal shape was sharp when 
the focal length was small because the lens diameter was 
fixed at 30 mm in this experiment.  
The focal acoustic pressure of the lens with f = 30, 
measured at point B in Fig. 5, was approximately eight 
times higher than the acoustic pressure before lens 
condensation (i.e. the acoustic pressure measured at 
point A in Fig. 5). As the acoustic energy is propotional 
to the square of the acoustic pressure, this result 
indicated that the lens produced approximately 64 times 
the energy at the focal point. As for the lens with f = 60, 
the focal acoustic pressure measured at point C in Fig. 5 
was approximately 15 times higher, which is equivalent 
to 255 times the acoustic energy at the focal point. The 
temperature of a diseased region needs to be increased 
by approximately 20 °C to cause coagulation necrosis, 
which requires more than a 20-fold increase in energy at 
the focal point, if we suppose that the energy generated 
in the non-focal region is strong enough to increase the 
temperature by 1 °C. Despite the energy loss caused by 
the acoustic lens, the experimental results demonstrated 
that this method was capable of delivering sufficient 
energy at the focal point and could be clinically 
applicable. In future work, the lens design parameters 
such as the width and material should be investigated to 
minimize the energy loss. The experiment did not raise 
major concerns that cannot be predicted by simulation. 
 
 
Fig. 5. HIFU foci created by acoustic lenses with various focal lengths: 
(a) f = 30, (b) f = 60, and (c) f = 90. 
 
Next, a simulation was conducted to more precisely 
investigate the HIFU beam transmission. Regardless of 
the use of an acoustic device, an HIFU beam passing 
through the abdominal wall is subject to energy 
attenuation by adipose tissues in the beam  path. The 
adipose tissues in the beam  path not only attenuate the 
delivered energy but also deflect the beam, which can 
result in a positioning error for the focal point. Thus, a 
simulation was conducted to quantify the influence of 
the adipose tissues in the beam  path. 
Figure 6 shows an example of the simulation results. 
The 2D ultrasound wave propagation was simulated in 
an area of 60 mm by 20 mm. In this example, the 
ultrasound frequency was set at 1.7 MHz, and an acrylic 
lens with a 20 mm curvature radius was placed in the 
water. The parameters used in this example are 
summarized in Table 1. Adipose tissues were randomly 
generated between the ultrasound wave source and lens, 
as shown in Fig. 6(a). As observed in the simulation 
results, the ultrasound waves were disturbed by the 
adipose tissues (Fig. 6(b)). Consequently, the focal point 
drifted from the central axis of the lens, and sidelobes 
were also created (Fig. 6(c)). This simulation 
successfully demonstrated the influence of the adipose 
tissues in the ultrasound wave propagation path. The 
distribution of adipose tissues can be estimated once the 
target and HIFU beaming path are defined. This would 
make it possible to calculate the focal positioning errors 
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and potential damage to surrounding healthy tissues by 
the sidelobes. Based on this data, the lens design and 
positional control of the acrylic lens can be optimized. 
 
Table 1 Parameters used in simulation. 
Materials Density (kg/m3) Speed of sound (m/s) 
Water 1000 1500 
Acrylic lens 1130 2500 
Adipose tissues 930 1400 
Fig. 6. Simulation results: (a) randomly generated adipose tissues in 
model, (b) ultrasound wave propagation, and (c) focus generation. 
 
4. Discussions and conclusion 
The choice of the material for the acoustic device is 
crucial in the proposed methods. An aluminium plate 
and acrylic lenses were used in the experiments to 
facilitate the prototyping and demonstrations. As for the 
use of an acoustic mirror, the original ultrasound wave, a 
wave reflected by the mirror  surface, and a wave 
reflected by the other side of the mirror can interfere 
with each other and create unwanted foci, particularly 
when the mirror is thin. To avoid the reflection from the 
other side of the mirror, the surface can be roughened or 
coated with a polymer to hinder the reflection. As for the 
acoustic lens, the use of a material with a high 
attenuation ratio (e.g. polymer) may result in an increase 
in the lens temperature. In contrast, a material with a low 
attenuation ratio such as a metallic material could 
efficiently transmit an ultrasound beam, but the 
reflection ratios of such materials are high. Thus, a lens 
with a low attenuation ratio material coated with a high 
attenuation material would enhance the efficiency of the 
proposed method. Such lenses with new design 
parameters will be fabricated and tested in the future. 
The use of intraoperative ultrasound imaging with the 
proposed method also needs to be investigated. Because 
the acoustic mirror or lens will also deflect the 
ultrasound imaging beam, the ultrasound imaging probe 
needs to be positioned to prevent this influence from the 
acoustic device, while providing a clear view of the 
target region. 
The insertion of the acoustic device into the body 
cavity needs to be studied. The proposed method 
requires a small incision in the abdominal wall, but the 
use of a large device in a body cavity would enhance the 
treatment efficiency. For this purpose, a deployable or 
assemblable design for the acoustic device could be 
developed. The deployment or assembly of such a 
device could be aided by a robotic mechanism. It should 
be noted that the entire procedure needs to be performed 
without CO2 insufflation into the body cavity; otherwise, 
the air in the cavity would hinder ultrasound wave 
propagation. For example, a mirror or lens made of an 
inflatable balloon filled with a specific liquid could be 
developed. 
In conclusion, we proposed the use of an 
intracorporeal acoustic device to control the focus of an 
HIFU device. The experiments and simulation results 
demonstrated the proof of concept and clarified the 
technical issues inherent to the proposed method. Future 
work will include device design improvement, material 
choice, and the development of a robotic mechanism to 
control the position of the device. 
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